Although mitigation programmes have been implemented in huge eutrophied estuarine systems, satisfactory results are not always immediately achieved. External loadings are reduced but the nutrient pools still existing in the sediments (due to decades of external supply) start to deplete only slowly, to reach the lower steady state level related to the new external loading. In the Mondego Estuary, this situation could be seen from the mass balance calculations including different nutrient fractions (dissolved, SPM and bound in vegetation). Different nutrient fractions quantified over the year showed the retention capacity and supplying capacity of these estuarine systems, and also the seasonal dynamics those fractions can present. External loading of nitrogen was largely dominated by DIN, but after its incorporation by benthic primary producers nitrogen export occurred essentially as SPM-N. Phosphorus loading was dominated by SPM-P, but during warmer periods P-efflux increased DIP concentration inside the system and was afterwards exported through the outer boundary. Although nutrients bound in vegetation were not significant to total mass balance, depending on the occurrence of occasional macroalgal blooms, the vegetation fraction can significantly increase its contribution to the overall balance.
Introduction
Eutrophication of coastal waters as a result of anthropogenic activities is now widely recognised as a major pollution threat worldwide (Diaz and Rosenberg, 1995; Norkko and Bonsdorff, 1996; Valiela et al., 1997; Raffaelli et al., 1998; Pardal et al., 2000 Pardal et al., , 2004 Sfriso et al., 2001) . One of the main problems of these areas is the primary producer shift. Systems with low nutrient loadings are most often dominated by slow-growing vegetation (e.g. Zostera sp., Fucus sp.), while enhanced loading favours the growth of phytoplankton and opportunist macroalgae (e.g. Ulva sp.) as a secondary effect. Initially, changes occur in the actual nutrient dynamics and in the nutrient turnover, pushing the system to an unstable situation with respect to autotrophic and heterotrophic processes (Norkko and Bonsdorff, 1996; Raffaelli et al., 1998; Flindt et al., 1999; Martins et al., 2001; Sfriso et al., 2001; Cardoso et al., 2004) . In the end, the loss of seagrass beds also leads to changes in the associated benthic community (Dolbeth et al., 2003; Cardoso et al., 2004) , and to materials and services these areas are supposed to supply to their surroundings (Duarte, 2000; Jonge et al., 2000) .
In the past few decades many management schemes have been implemented to reduce the external nutrient loading of coastal systems, which are now beginning to adjust to this decrease Kronvang et al., 1999; World Health Organization, 2002) . To control the efficiency of mitigation measures for estuarine systems, monitoring programmes have been defined to check the loading, water quality and, in the end, the ecological status of the systems (e.g. under the Water Framework Directive e WFD).
Although the loading and the exporting of nutrients allow the estimation of the estuary's nutrient filtering/retention capacity (Mortazavi et al., 2000a,b; Nielsen et al., 2001 ) most of the nutrient mass balances calculated so far are incomplete. Traditionally, measurements were limited to dissolved inorganic nutrients and to nutrients adsorbed to fine particulate matter that could be trapped in filters (e.g. glass fibre filters). Others, such as the transported fraction bound to plants, were not included although they are essential for the nutrient mass balance of shallow productive micro-and meso-tidal estuaries (Flindt et al., , 2004 Salomonsen et al., 1999) .
For these productive systems the plant-bound nutrient transport may be the dominating form of nitrogen and phosphorus exports (Flindt et al., , 2004 Salomonsen et al., 1999) . Although the overall number of measurements is still low, it seems that the plant-bound nutrient transport is less essential to the nutrient mass balance in macro-tidal systems, where the turbidity is high (Lefeuvre, 1994; Hemminga et al., 1996; Bouchard and Lefeuvre, 2000) and the production is lower. It seems that the plant cover in the lower part of the European saltmarsh areas is small. The major plant biomass in these areas is growing at higher elevations, where the plants are less exposed to hydrodynamic forces. This way only a small amount of plants are likely to be transported (Beeftink, 1977; Lefeuvre, 1994; Hobbs and Nortton, 1996) , and they make a considerable contribution to these systems' mass balance.
Moreover, this scenario can change dramatically if nutrient enrichment occurs. This situation usually results in spring macroalgal blooms, thus allowing the plant-bound nutrient transport to have a strong influence on the mass balance calculations. Even if annual estimations present smaller differences, the amount of nutrients mobilised seasonally by plants really can change all through the year.
In recent decades, the water discharged from farmland loaded the south arm of the Mondego Estuary. The nutrient enrichment combined with limited light at the bottom and low hydrodynamics favoured macroalgal blooms and suppressed the seagrass growth in the system (Marques et al., 1993; Flindt et al., 1999; Lillebø et al., 1999; Martins et al., 1999 Martins et al., , 2001 Pardal et al., 2000 Pardal et al., , 2004 Cardoso et al., 2002 Cardoso et al., , 2004 Dolbeth et al., 2003) . Some experimental measures were implemented in 1997, and a reduction of macroalgal blooms was later observed. Enriched water discharges were reduced and hydrodynamic circulation improves slightly; nevertheless, the system is still exporting accumulated nutrients to adjacent areas, meaning that an unbalanced situation may prevail for several years to come.
The aims of this work were to: (a) build and calibrate an ecological model of a meso-tidal system that could be useful for environmental management; (b) evaluate the mass balance of the Mondego's southern arm enriched system, exposed to considerable turbidity; and (c) evaluate and compare the role and dynamics of each nutrient form (dissolved inorganic nutrients, nutrients adsorbed to suspended particulate matter, nutrients in the traditional detritus and nutrients bound in macro-detritus and living plants).
Materials and methods

Study site
The Mondego River is located in central Portugal. Its estuary is 21-km long and it flows through the final part of the Lower Mondego Valley, a region that comprises around 150 km 2 of good agricultural land. The final part of the estuary has two contrasting arms, north and south, separated by a 6-km long alluvial plain, the Morraceira Island. The north arm is 8e12 m deep at high tide. It is the principal navigation channel and is where the commercial and fishing harbours are located. The south arm (SA) is shallower (2e4 m at high tide) and it is almost silted up in the upper zones (Bd3e Fig. 1 ), so the fresh water from the Mondego River flows mainly through the north arm.
The SA is a tide-dominated system (7-km long, 0.5-km wide and 2.57-km 2 in area) where up to 75% of its total surface becomes exposed to air at low tide. Around 10% of the intertidal area is covered by rooted vegetation (e.g. Scirpus maritimus L., Spartina maritima (Curtis) Fernald, 1916, Zostera noltii Hornem.), and 65% corresponds to bare muddy and sandy bottoms. It receives a small water input from the north arm when the tide is high (through a 1-m 2 section channel opened experimentally at the splitting point of the two arms), an irregular contribution from the Armazéns channel (Bd2e Fig. 1) , and a considerable freshwater contribution from the Pranto River (Bd1e Fig. 1 ). The freshwater discharged by this small tributary is controlled by a sluice that is essentially regulated according to the water needs of rice fields of the Mondego Valley. The south arm rejoins the north arm 1 km before the sea (Bd4e Fig. 1 ).
Sampling programme
There were 41 field campaigns in the SA between January 2000 and January 2001. They covered full tidal cycles (12 h) with different tidal amplitudes, and were assessed in four places inside the system (Fig. 1, Table 1 ): (a) SA outer boundary (Bd4); (b) Armazéns channel, immediately upstream from the junction point with the SA (I); (c) Pranto River, immediately upstream from the junction point with the SA (II); and (d) at the SA riverhead, immediately upstream from where the Pranto River joins that channel (III). Measurements in situ were made every hour and included the water level, velocity, salinity, and the dissolved oxygen. Water samples were collected simultaneously for physico-chemical characterisation. Water samples were immediately filtered (pre-weighed Whatman GF/C glass fibre filters) and frozen until analysis. From each sample, one filter was folded and stored dehydrated until analysed for total nitrogen and total phosphorus in suspended particulate matter (SPM-N and SPM-P), and one other was used for chlorophyll a content analysis (APHA, 1980) . Sub-samples of filters were analysed for SPM total C and N on a CHN analyser (Carlo Erba). The chlorophyll a analysis followed the techniques recommended by Strickland and Parsons (1972) . At the sluice (Bd1) the water discharges were registered and their volumes evaluated by the water column section and velocity.
The drifting vegetation was collected using nets with an open metal frame of 0.5 Â 0.5 m and 9 mm mesh size. The nets were placed on top of each other to cover the total height of the water column, and perpendicular to the water flow direction at representative locations inside the channel. Vegetation was sorted (macroalgae sheets, leaves, rhizomes, stems and roots) and weighed (g DW e 48 h, 70 C and g AFDW e 8 h, 450 C). Total N (Veg-N) and P (Veg-P) contents of different parts of plants were analysed according to Limnologisk Metodik (1992) .
The calculation of vegetation export (biomass, N and P) was based on the proportion between green macroalgae export and total vegetation export, and on the estimated relation between green macroalgae biomass drifted out (nets result) and present inside the system.
Model description (MIKE 11)
The MIKE 11 software (www.dhigroup.com) was used for the simulation work. It is a pseudo two-dimensional modelling tool with a computational scheme applicable to vertically homogeneous flow conditions that range from steep river flows to tide influenced estuaries. Its architecture is based on specific interacting sub-models that simulate the water motion, transport of substances in the water column, and the water quality and eutrophication conditions in the system (hydrodynamic e HD, advectionedispersion e AD, and water quality e WQ).
The hydrodynamic (HD) module solves the complete nonlinear equations of open channel flow (Saint-Venant), vertically integrated equations for the continuity (conservation of mass) and momentum according to Eqs. (1) and (2):
where Q is the discharge (m 3 s À1 ), A is the flow area (m 2 ), x is the distance (m), t is the time (s), q is the lateral inflow (m 2 s À1 ), g is the acceleration due of gravity (m s À2 ), h is the stage above datum (m), M is the reciprocal Manning number (m 1/3 s À1 ), R is the hydraulic radius (m) and a is the momentum correction factor.
The bathymetric description of the Mondego's SA system was based on local maps. It is constituted by 17 cross-section profiles, a channel grid with 40 nodes, and four boundary points. The channel grid describes the riverbed configuration, and boundaries (Bd) give information about the system limits and flow type on each point. The ''Bd1'' e Pranto River sluice e was defined as a closed boundary with water discharges (manually controlled, depending on agricultural water needs). It means that at ''Bd1'' the water flows only forward to the sea, and only when sluice gates are open. The ''Bd2'' e the uppermost end of Armazéns channel e was defined as a closed boundary with a very weak and continuous water discharge of 0.002 m 3 s À1 . The ''Bd3'' e the split point between north and south arms e was defined as an open boundary with no water discharge. The water was allowed to flow out of the boundary, with the same volume returning into the system afterwards. Due to the small dimensions of the aperture the tide elevation is not imposed here as a forcing function, and the volume depends on the water level inside the system. Tides with higher amplitude allow a greater volume of water to cross outwards the boundary, returning inwards the same water volume on the next ebbing tide. The outer boundary ''Bd4'' e closest to the sea e was defined as an open boundary, influenced by tidal action, it is the exchange point and where the model is forced (Fig. 1 ). Changes on the water level impose inflow or outflow of water mass, reproducing the oscillatory movement of water observed on estuaries.
The HD module simulated water fluxes (Q) to the SA for a full year. It was based on the water conditions at ''Bd1'', ''Bd2'' and ''Bd3'', on the water level time-series that forced the system through ''Bd4'', and on the wind conditions that influenced the system on the water surface. Data on water discharged through the sluice were supported by field measurements of current velocities registered on a known channel section (Bd1), data on water levels came from Figueira da Foz harbour tide table (Bd4), and the information about the wind speed and wind direction was supplied by the Portuguese Navy (four measurements per day). The HD module was calibrated against the field water level measurements at sampling site II (Fig. 1) .
The advectionedispersion (AD) module is based on the one-dimensional equation for conservation of mass of a dissolved compound. The sub-model requires output from the HD module, specified in time and space, in terms of discharge, water level, cross-sectional area and hydraulic radius. The advectionedispersion Eq. (3) is solved numerically by using an implicit finite difference scheme that has a negligible numerical dispersion, and reflects the advective transport and the dispersive transport due to the gradient concentration:
where A is the cross-sectional area (m 2 ), C is the concentration
and q is the lateral discharge (m 2 s À1 ). The advectionedispersion model was calibrated against field measurements of salinity due to its conservation properties.
The generated water flux (Q) was used to create the nutrients' mass flux in the system. Hourly average results of ''Q'' together with nutrient concentrations in water and filters were used to estimate the mass balance, respectively, of dissolved inorganic nitrogen and phosphorus (DIN ¼ NH 4 -N þ NO 3 -N þ NO 2 -N; DIP ¼ PO 4 -P), and of total nitrogen and phosphorus in suspended particulate matter (SPM-N and SPM-P).
Information about discrete residence time inside the system was obtained from AD simulations of a conservative substance (tracer). The total renewal of water is often difficult in estuaries, considerably increasing the residence time if this residual . The water quality (WQ) module deals with basic aspects of river water quality in areas influenced by human activities (e.g. oxygen depletion and ammonia levels as a result of organic/ nutrient loadings). The WQ module is coupled to the AD module, which means that the WQ module deals with chemical/biological transforming processes of multi-compound systems and the AD module is used to simulate the simultaneous transport process. The WQ module solves the system of coupled differential equations describing physical, chemical and biological interactions in the river (e.g. degradation of organic matter, photosynthesis and respiration of plants, and nitrification and exchange of oxygen with the atmosphere). The mass balance for involved parameters is calculated for all grid points at all time steps, using a rational extrapolation method in a two-step procedure integrated with the AD module.
The eutrophication (EU) module, available in the WQ module, is an advanced tool that describes the growth of phytoplankton, zooplankton, benthic vegetation and oxygen conditions as a consequence of BOD, nutrient availability and factors such as the incident light intensity, water temperature and the hydraulic conditions. The biological and chemical systems, described in the EU module, consist of a network of coupled processes where changes in one component can influence all the other variables, depending on the biological reaction involved. The 12 state variables included in the model are: chlorophyll concentration, phytoplankton carbon, phytoplankton nitrogen, phytoplankton phosphorus, zooplankton carbon, detritus carbon, detritus nitrogen, detritus phosphorus, dissolved inorganic nitrogen, dissolved inorganic phosphorus, dissolved oxygen and benthic vegetation carbon. The processes linked to these state variables considered in the model are: phytoplankton production, phytoplankton sedimentation, grazing, phytoplankton extinction, zooplankton excretion, zooplankton extinction, zooplankton respiration, mineralization of suspended detritus, sedimentation of detritus, mineralization of detritus, accumulation in sediment, benthic vegetation production, benthic vegetation extinction, and exchange with surrounding water (for further information see ).
Sensitivity tests and importance of biological components
Sensitivity tests were conducted to evaluate the importance of different biological factors to the model and to all the processes occurring in the system. The values of some crucial parameters (e.g. the growth rates, production temperature dependency, N and P uptake rates, grazing and sedimentation rates, relative to the phytoplankton and macroalgae) were changed by 10% (up and down), and the obtained results simply correlated with the ones from the normal simulation. This way it was possible to evaluate the variations induced by the main biological processes to the concentration of several nutrient forms (e.g. dissolved fraction, adsorbed to particulate matter, or included in phytoplankton or macroalgae), and to dissolved oxygen values.
When the WQ and EU modules are running, the dissolved oxygen in the system must be within measured levels, so that the simulation of environmental processes is properly performed, balanced between autotrophic production and oxygen consumption in heterotrophic processes.
To evaluate the importance of the total biological processes for the SA system, a simulation was performed without the WQ and EU modules. Only the HD and AD modules were used for this purpose. The difference should give an idea of the magnitude of the biological and physico-chemical processes in relation to the estuarine system.
Results
Calibration and validation
For the Mondego Estuary a full year's run was performed. The evolution of the water level at Bd4 during this period followed a semi-diurnal pattern (two high tides and two low tides per day), with tidal range from 0.25 m to 3.67 m as extreme registered values. As a calibration point in the system it was decided to use sampling site II (Fig. 1) , the Pranto River (immediately upstream of the junction with SA), because this is far enough inside the system (3 km upstream of the exchange boundary Bd4) and it also captures the influence of that tributary (important nutrient source for the SA).
The values of the basic calibration parameters used in the model, and the correlation values found between simulation results and field measurements at calibration point (II) can be seen in Table 2 . The good results obtained demonstrate the individual functioning of HD, AD, WQ and EU modules, and their globally good integration into the SA simulation.
Concerning the advectionedispersion (AD) sub-model, it is clear that simulated values for salinity (conservative element) fitted well with field measurements made at calibration point II, which constitutes a positive indication for the AD module's functioning. Dissolved oxygen was never depleted or oversaturated in the simulation, suggesting a balanced relation between oxygen production and oxygen consumption processes inside the system. Although oxygen correlations were not very strong, basically because some of the processes responsible for its production and consumption were kept absent to maintain the model's simplicity, one can agree on the correct functioning of the water quality (WQ) sub-model. The good calibration of the eutrophication module demonstrates the correct functioning of the network of biological and chemical coupled processes comprising the module. The correlation values found between the measured and simulated concentrations of nutrients (dissolved and adsorbed to SPM) suggest that the transport in the water column is simulated well by the model. The weakest correlations observed to DIP and SPM-N are strongly influenced by the P-mineralization occurred during warmer periods, and by the over simulation of SPM-N during some parts of the year. These processes still need further attention; the inclusion of other biological elements (e.g. salt marshes) and sources (e.g. fish farms), and the distinction between SPM with different quality contents in different seasons surely will contribute to future simulation result's improvement. Fig. 2 shows field measurements and simulation results for some elements; salinity ( Fig. 2A) , as an important element for testing the AD sub-module efficiency; oxygen (Fig. 2B) , to evaluate the output range of simulation results from the WQ sub-module; and dissolved nutrients (Fig. 2C) and nutrients adsorbed to suspended particulate matter (Fig. 2D) to show the performance achieved by coupled AD and WQ sub-modules.
The simulation of benthic biomass relates to macroalgal production. The simulation peaks were of the same range as values of benthic biomass production in the field, although they were achieved 2 months later in time.
Water and nutrient mass balance
The hydrologic balance was 1,300,000 m 3 , the difference between the annual water input from sluice at Bd1 (''Q'' import), and the output through the outer boundary at Bd4 (''Q'' export). The values are presented as monthly accumulated volumes, and of the annual ''Q'' import of 44,500,000 m 3 , there was a poor contribution from June to November (20%), in contrast to the wettest period of the year which contributed up to 80% to the total water balance (January to May and December).
The sluice discharge is very dependent on precipitation, and a high correlation was found between accumulated water flux inputs and accumulated precipitation (Fig. 3) . The delay observed in the release of fresh water from the fields during low precipitation periods (part of spring and summer) is due to the dependency of sluice operations on the water needs of were, respectively, 5.4, 1.9 and 1.3 days for the Bd4, and 14.8, 1.1 and 1.1 days inside the system (Pranto River) (Fig. 4) . The tracer peaks (higher than 5%) observed after the calculated residence time for both sites occurred during the flood periods, when the remaining water (which did not leave the system) was pushed upstream by the incoming marine water.
The drifting vegetation collected led to the calculation that green macroalgae constituted 36% of the total biomass export in winter, 58% in spring, 37% in summer and 14% in the autumn. It was estimated that around 12% of standing biomass of green macroalgae was drifted out of the system each month. A significant correlation was found between standing biomass and transported biomass ( y ¼ 0.0965x À 1209.1; R 2 ¼ 0.8323). It was assumed, based on the previous calculation, that macroalgae present at a given moment were available for subsequent transportation, so the available macroalgae and the macroalgae transported a time step later were correlated. The late summer period was not considered here due to its high export values. The biomass export reached up to 30% of the standing biomass when the system is fluxed by sluice discharges that occur before and after the crop season.
Different nutrient fractions (dissolved inorganic, adsorbed to suspended particulate matter or bound in vegetation) were calculated as monthly accumulated values (Table 3 ). All nutrient forms had low import values at Bd1 in summer (Julye September), when the sluice was closed. At Bd4, both import and export situations were observed, and a particular seasonal dynamics characterised each nutrient fraction at this boundary.
Concerning dissolved nutrients, DIN export was high in January, April, November and December, when the sluice was open. DIN import occurred through Bd4 from May to September (negative export), when the sluice was closed. DIP export was higher during the summer and in December.
Nutrients adsorbed to suspended particulate matter behave differently from the dissolved fraction. SPM-N export was always positive with the higher values reached in June, and SPM-P was positive only in January, May, June and December. The Veg-N and Veg-P export were high in January, February, May and July, and an import was actually seen to occur through this boundary for most of the rest of the year (Table 3) .
With respect to annual dynamics, nitrogen import was dominated in 92% by the dissolved fraction (46 t N), but export, on the other hand, was dominated in 85% by the fraction adsorbed to suspended particulate matter (39 t N). The Veg-N export through Bd4 represented 5% of total export and reached 2 t Accumulated 'Q' import (10 6 m 3 ) Ac. precipitation (mm) Fig. 3 . Correlation found between accumulated water flux at the sluice ('Q' import) and monthly-accumulated precipitation.
N. Phosphorus import occurred 85% under the SPM-P fraction (9 t P through the sluice and 3 t P at Bd4), and export was dominated in 99.7% by DIP (28 t P). Veg-P contributed with 0.3% to the total P export (88 kg P) from the SA through the Bd4.
The annual nitrogen mass balance was 3.6 t N retained inside the system, the difference between 50 t N import and 46 t N export. The annual phosphorus balance was 14 t P leaving the system (Table 3) .
Sensitivity tests and importance of biological components
Results from the simulation based on HD and AD modules alone showed that some nutrient forms can be strongly influenced by biological activity, which discards the mimic effect from Bd4 that alone could be expected to rule the simulation results (Table 4) . Dissolved oxygen and DIP varied considerably, but not SPM-P and DIN, which showed higher correlations between the results obtained with the complete simulation (including water quality and eutrophication modules) and the one excluding biological components (only the HD and AD modules).
In Table 4 , the sensitivity analysis shows the correlation values obtained for normal simulation vs. simulations using a rate 10% less (to several components), correlation obtained for normal simulation vs. simulations using a rate 10% more (for several components), and the correlation values between simulations using rates both 10% less and more. Sensitivity analysis always showed a lower correlation for benthic macroalgal production (BC), and in contrast, high correlations for the SPM-P. Nutrients included in phytoplankton were more affected by phytoplankton maximal growth rate; nutrients adsorbed to SPM were more affected when the macrophyte light extinction rate was modified; nutrients' dissolved fractions were more affected by changes in macrophyte maximal growth rate; and the phytoplankton had great influence on the production of benthic macroalgae.
Discussion
The high correlation found between accumulated fluxes at Bd1 ''Q'' (input) and precipitation suggested a cascade of influences, where precipitation influenced water availability, which influenced field water needs that eventually influenced the sluice discharge. This confirms the previous idea of the high dependency of sluice management on agricultural water needs Pardal et al., 2000; Martins et al., 2001; Cardoso et al., 2002; Dolbeth et al., 2003) . The water discharges, given the high volumes usually involved, force salinity levels to fall and supply nutrients to the SA as increased freshwater inputs through Bd1.
DIN fraction dominated 92% of total nitrogen loading through the sluice, pinpointing farmland as the major source of nitrogen for the SA. The results obtained by simulation, with and without the biological elements (Table 4), suggest that N import was more than sufficient to support the primary production needs of the system. Moreover, DIN import also occurred through Bd4 when the sluice was closed (probably related to summer tourism and other diverse sources such as fish farms). This indicates a great N-retention capacity of the system during the summer period. DIN concentration decreased inside the system; supposedly it was incorporated into primary producers that left the system as suspended particulate matter (SPM-N). This was supported by low SPM-N import (8% of total N import) and its high export value (85% of total N export) mainly during the warmer period. This fact can be easily ascribed to fragmentation and/or decomposition of primary producers. DIN export was less important, at 10% of its total amount.
Phosphorus bound to suspended particulate matter (SPM-P) dominated the import (85% of total P import). As stated above in relation to DIN, the comparison between results for SPM-P from the simulations with and without biological processes (high correlation values) also suggests a high input of this P fraction into the system that not biologically consumed afterwards. Upstream areas (e.g. agriculture fields) were a great P-source for the SA. SPM-P increased during sluice-opening periods in AprileMay and the winter. On the other hand, DIP was mainly generated inside the system during warmer periods Touchette and Burkholder, 2000; Lillebø et al., 2002) . SPM-P was retained inside the system and later, after mineralization and efflux to the water column, phosphorus was exported as DIP to adjacent areas (Grenz et al., 2000; Mortazavi et al., 2000b; Nielsen et al., 2001) . Although the external nutrient loading has fallen in many estuaries, they are only beginning to adjust to this change, and several of them still show high internal nutrient loadings. This excess of nutrients, helped by favourable hydrodynamic conditions, may trigger opportunist primary producer growth, a process by which the incorporated nutrients are transformed into a different fraction. In productive shallow estuaries the incorporated nutrients may represent a considerable part of the total pool of nutrients in the system. If this fraction is not included in the mass balance evaluations an equally large miscalculation can be made. However, it seems that the plant-bound nutrient transport is less essential to the nutrient mass balance in macro-tidal systems, where production is diminished due to high turbidity and hydrodynamic forces. Even though important primary production may occur in different seasons, or when environmental conditions change (e.g. engineering works, hydromorphological modification), increasing the importance of its inclusion in mass balance for almost all systems.
In relation to the Mondego Estuary's SA, the vegetation export had a small relative importance for the total mass balance in 2000; it represented 5% of total N export and 0.5% of P export. But a completely different scenario occurred when macroalgal blooms were observed at the system, and the transport of vegetation became more important for nutrient mass balance. Comparing data from 1993 and 2000, green macroalgae reached in 1993 a biomass more than three times higher than for 2000, and biomass export was four times greater than the value of 2000. If similar mass balance conditions to 1993 were considered, Veg-N export could represent up to 20% of total N export of the system and Veg-P export about 1.5% of total P export. In these circumstances nutrient dynamics could be quite different. The increase of nutrients required by green macroalgae would make the dissolved fraction export considerably lower than that calculated for 2000, thereby increasing the relative importance of the bound to vegetation fraction. This result reinforces the importance of including vegetation in mass balance studies, otherwise a significant part of nutrient mass is missed. Salomonsen et al. (1999) reported for Møllekrogen, a subsystem of the micro-tidal Roskilde Fjord (Denmark), Veg-N export of 35% of total N export and Veg-P export of 81% to total P export during the summer, and estimated for the Venice Lagoon meso-tidal system a Veg-N export of 95% of total N export and Veg-P of 91% to total P export in the growth season. Comparing the three systems, it seems that tidal amplitude is not a critical aspect in the relative importance of vegetation for the total nutrient export. It is much more a question of environmental conditions, in particular plant production, absolute water nutrient concentrations coupled with hydrodynamics, since higher residence times allow longer availability of nutrients for primary producer consumption (Mortazavi et al., 2000a; Nielsen et al., 2001 ).
Conclusions
As a general conclusion we may say that the system is still not balanced and the over-loaded sediments may now be working as a nutrient source. For a better environmental situation, nutrient inputs and residence time in the system should be lower. The latter can be achieved by enlarging the channel at the splitting point between the arms (Bd3 e Fig. 1 ), and the former by reducing nutrient losses from arable land which get into the system through the Pranto River sluice. The nutrient input reduction could be accomplished in two main ways: (1) source management (e.g. better use of fertilisers); and (2) transport management (e.g. water flow through wetlands and salt marshes, restored or constructed, using their potential to remove N and P from water column). As stated above, the south arm of the Mondego Estuary is still exporting nutrients as a result of decades of retention due to anthropogenic activities. If eroded, the enriched sediments may be a great source of phosphate, so sluice discharge should be smoothed to avoid re-suspension. It is preferable to have shorter opening periods although they could occur more often.
Dissolved inorganic and adsorbed to SPM fractions dominated the nutrient mass balance in this meso-tidal system but the fractions bound in vegetation can also perform a very important role, mainly when macroalgal blooms occur. It seems that tidal amplitude was not a crucial aspect governing the vegetation's relative importance for total nutrient export but the environmental conditions supporting its growth were. The importance of plant-bound nutrient transport was quite different, depending on the different eutrophic scenarios of the system (with or without macroalgal blooms).
The simulation accuracy was quite satisfactory, opening the possibility for the model's use as a management tool for the SA. Different nutrient fractions (concentrations) can be calculated for several scenarios (e.g. reference conditions under the WFD). Moreover, the results achieved showed us the model can perform well with the biological elements and internal dynamics of the system, not mimicking the conditions imposed at the outer boundary. 
